was an experimental physicist who dedicated his working life to research in nuclear and particle physics at the University of liverpool. he was born in 1918 in Runcorn, Cheshire, and in 1938 was awarded a first-class honours degree in physics at liverpool University. he obtained his PhD in 1941 and became a member of Sir James Chadwick's team working on the UK atomic weapon project. After the war he developed several new experimental techniques, which he used to make a systematic study of the deuteron stripping process with the use of the liverpool cyclotron. After the liverpool synchro-cyclotron became operational in 1954 he initiated a programme of precision measurements of cross-sections for proton-proton and pionproton scattering. After the first observation of parity violation in 1957, his group completed an important experiment that observed parity violation in muon decay. When the construction of an electron synchrotron (ninA, at the Daresbury laboratory) was proposed, he became leader of the magnet design team. As ninA became operational in 1966, John established a group to measure the cross-sections for the photoproduction of neutral and charged pions. the group then developed a collaboration with colleagues in other universities to measure the spin dependence of cross-sections for meson photoproduction by using a polarized photon beam and a polarized proton target. Before his retirement he contributed to the design of the experiment to determine the spin structure of the proton, performed by the european Muon Collaboration.
John's education began at the local elementary school, where he records that in the top form they conducted some simple experiments in chemistry and physics. At the age of 11 years he moved on to Runcorn County Secondary School, which was attached to the local technical college. he began to become interested in science because of, in his words, 'excellent lessons in chemistry, physics and maths'. in his fifth-form year at this school a new physics teacher was appointed, Dr Rogers, who encouraged senior pupils to try out their own ideas for simple physics experiments. Dr Rogers also started a wireless society; at this time there was great public interest in the development of radio communication, particularly in the home construction of radio (wireless) receivers. John records that he constructed several different types of receiver, which were generally very simple but required a high level of operational skill to obtain adequate sensitivity. he recalls with pride, in his personal notes, that he was able to listen to a live broadcast from the USA of President Roosevelt's inauguration ceremony in March 1933.
At the end of his fifth-form year John took the School Certificate examination and obtained his matriculation. he then decided to aim for a career in science and applied for a trainee post in the local chemical industry. however, at the interview it was suggested that in view of his very good school certificate results it might be a good idea for him to continue his education. there were no suitable sixth-form facilities available locally, so at the age of 16 years he applied to liverpool University and was accepted for a four-year course leading to an honours degree in physics.
the degree course required pure mathematics to be taken to ordinary degree level, with physics at the higher honours standard. throughout his undergraduate career he consistently obtained pass marks in pure mathematics and exceptionally high marks in physics. on the basis of this he was awarded a first-class honours degree in physics and two prizes, the Wilberforce Silver Medal in 1937 and the oliver lodge prize when he graduated in 1938. John kept most of his notebooks from this era, and they now form a valuable source of information concerning the style and content of contemporary lecture courses and laboratory sessions.
PoStGraDuate reSearCh in 1935 James (later Sir James) Chadwick FRS, winner of the nobel Prize in Physics for the discovery of the neutron, was appointed to the lyon Jones Chair of Physics at liverpool and to be head of the Department of Physics. From the very start Chadwick made major changes to both teaching and research, with the aim of making his department an international centre for nuclear physics. he recruited several new members of staff and started on the construction of a cyclotron, at that time a state-of-the-art tool for nuclear physics research.
John was much impressed by both Chadwick's teaching and his enthusiasm for research, and so decided to embark on a research degree immediately after graduation. one of the new research fellows appointed by Chadwick was harold Walke, who had previously been working in the Radiation laboratory at Berkeley in the USA on measurements of the properties of artificial radioactive isotopes produced by using the cyclotron at that laboratory. he continued with this work when he came to liverpool, and Chadwick assigned him as John's supervisor. As a result John was set the task of designing and building Geiger counters for detecting isotope decay products. the aim was for high reliability together with more sensitivity and greater flexibility of operation than had been possible with the electroscope, which was then used by Walke. two important advances were made: the use of very thin windows so that soft X-rays could be detected, and the use of two Geiger counters in time-coincidence to detect nuclear γ radiation via the recoil of electrons from Compton scattering. This work was published in 1940, jointly with Walke and another graduate student, in the US journal Physical Review. the paper was entitled 'K-electron capture and internal conversion in 51 Cr' (1)* and it reported the observation of the recent discovery of the K-capture process in this isotope. it included a footnote that read 'Word of Dr. Walke's untimely death reached this country while this paper was in proof.' Walke had, in fact, died in an electrical accident while making adjustments on the recently commissioned cyclotron. After Walke's death, John continued with the work on identifying isotopes with the use of samples that had already been irradiated. Chadwick, who always took a close interest in this work, on one occasion referred to it as 'botany', which John took as a timely suggestion that a change in research field might be a good idea. in 1941 John submitted his PhD thesis entitled 'the application of the Geiger counter to investigations of artificial radioactivity', in which he also included a design for a β-ray spectrometer.
the war yearS the historical and contextual references for this section are covered in Frisch (1991) and Brown (1997) as well as in holt's own account of this period (15) .
the outbreak of World War ii in September 1939 completely changed the research priorities of the liverpool department. Chadwick quickly became involved in discussions with other senior British scientists involved in defence research, in which the so-called 'Uranium Question' had become a high priority. this had been triggered by the experimental observation of neutron-induced fission in uranium nuclei in early 1939.
the next development was the circulation of the ground-breaking 'Frisch-Peierls memorandum', which suggested that an explosive fission chain reaction, that is, an atomic bomb, was possible using a few kilograms of the pure rare isotope of uranium ( 235 U). Previously it had been thought, as reported in einstein's warning letter to President Roosevelt of August 1939, that much larger amounts would be required, resulting in a weapon that could not be delivered by air. As a result, in June 1940 the government set up a committee, codenamed the MAUD Committee, to consider the defence implications of this memorandum. Chadwick became a leading member because of his high standing in the scientific community and his understanding of nuclear reactions. he saw that experimental confirmation of the fission cross-section data that were used in the calculations was essential before any serious action could be taken by the MAUD Committee. Chadwick's team, which by that time included Joseph (later Sir Joseph) Rotblat (FRS 1995; joint winner of the 1995 nobel Peace Prize), a refugee physicist from Poland, was well placed to contribute to this because the cyclotron could be used to generate beams of neutrons over a wide energy range.
the '37-inch cyclotron', as it was called because at this time all cyclotrons were designated by the diameter of the pole-tips of their magnets, was situated in the basement of the George holt building in a corner of the quadrangle that formed part of the liverpool University campus. George holt, a local ship owner and a university benefactor, was no relation to John. nevertheless, this resulted in John's colleagues and contacts in the university always addressing him as 'George' at this time. the first beam of protons from the cyclotron with energy 4 MeV was produced in July 1939. it was used initially by Rotblat and others to study nuclear interactions with several different nuclei in gaseous-phase targets. otto Frisch (FRS 1948) , who with Meitner had earlier developed a physical interpretation of the fission process, joined the liverpool team in the summer of 1940.
Frisch began his work in liverpool by investigating a technique for separating the rare 235 U isotope from natural uranium, a process that had been described in the memorandum. At this time John had just finished the data-taking for his thesis, so he volunteered to help Frisch with his experimental work on uranium while writing his PhD thesis. however, the project was quickly abandoned when it was found that the chosen technique did not work. this joint effort became a productive partnership because John provided expertise in apparatus construction, which Frisch, although a very talented experimentalist, lacked. As a result they became known around the department as 'Frisch and Chips'. the research in liverpool concerning the 'Uranium Question' was of course secret, so the results were not published in the conventional way. John's thesis has, in its introduction, the statement 'in addition to the work described in this thesis, the author has taken part in a series of investigations an account of which cannot be given at the present time owing to the official Secrets Act.' however, John kept his personal research notebooks as well as most of the group research notebooks, and these now constitute the primary historical source for this period. the initial experiments with the cyclotron sought to make precise measurements of neutron-induced fission cross-sections, for which Frisch designed an ionization chamber containing uranium oxide and a hydrogen proportional counter. John helped with the construction of both these devices and made the actual measurements using a secondary neutron beam produced by the cyclotron.
the next set of experiments concerned the measurement of the energy dependence of neutrons produced in the neutron-induced fission cross-section of uranium; results were reported in 1942, with John as one of the authors, in a classified Atomic energy Report with the title 'the energy spectrum of the fission neutrons produced in uranium by thermal neutrons'. he also acquired much expertise in setting up and operating the cyclotron while doing this work, and at a later stage designed and tested a scheme for modulating the neutron beam so that it could be used to study the 'delayed' neutrons produced in the fission process.
Much of this work was performed during the blitz on liverpool, and this caused many delays and operational difficulties. on the night of 12 March 1941 a parachute mine destroyed the engineering building on the corner of the quadrangle opposite to the George holt building. Chadwick was concerned that the Germans might have made and used some nuclear device, so he sent holt, armed with a portable Geiger counter, to look discreetly for radioactive contamination in the rubble. of course none was found. Another unusual experiment in which John was involved was the measurement of the spontaneous fission rate in uranium, which can be a major design constraint for the detonation mechanism in an atomic bomb. A well-screened apparatus is required to avoid interference from cosmic rays, so John spent the night in a cubicle attached to liverpool James Street underground station, with the ionization chamber containing uranium oxide, looking for fission signals. he records that there were many people sleeping on the station platforms sheltering from the air raids.
in July 1941 the MAUD Committee produced its final report, which included Chadwick's view that the measurements made by the liverpool group so far confirmed that it was possible to make a bomb with a realistic quantity of 235 U. this resulted in the government's setting up an atomic energy research and development programme that was given the code name 'tube Alloys', and John was formally attached to this project when he was appointed as an assistant lecturer in 1942. During the later months of 1943 Chadwick, Frisch, Rotblat and other senior members of the liverpool team left for the USA to join the Manhattan Project, so becoming directly involved in the development and construction of an atomic weapon. the remainder of the liverpool group, including John, were then in a difficult situation with no leadership and ill-defined research aims. nevertheless, this group continued to make measurements of the fission properties of uranium, using some samples enriched in the rare 235 U isotope, until the cyclotron was shut down in September 1944. Chadwick was aware of these management issues and so had arranged for the whole group to be transferred to Cambridge, where a cyclotron, an 'identical twin' of that in liverpool, was still in operation. there John assisted with the design and construction of a neutron beam modulator for time-of-flight measurements for neutron spectroscopy. he spent the rest of his time at Cambridge experimenting with particle detection techniques for future use at liverpool. the 37-inCh CyClotron era in early 1945 John started to think about his future. he applied and was accepted for a post of lecturer in Biophysics at the University of St Andrews. At this time Chadwick, though still working in the USA, was making plans for the postwar development of nuclear physics research in the UK and particularly at liverpool. he therefore asked Rotblat, who had chosen to return to liverpool before the completion of the Manhattan Project, to persuade John to take up an appointment of lecturer in the department. John agreed to stay. the refurbishment of the cyclotron was then started under the direction of Rotblat. John's initial contribution to the experimental programme was to finish the design of a magnetic spectrometer for measuring scattered particle energies, which he had begun at Cambridge. this device was constructed in the department and used in several later experiments. however, John considered that its small energy range and acceptance limited its possible use, and so he set out to design a better system based on particle range in absorbers as the basis for energy measurement, together with an ionization chamber as a particle detector.
the postwar plan for the development of research in nuclear physics in the UK included the provision of new accelerators at various sites. A committee named the Cyclotron Panel was set up by the Department of Scientific and industrial Research to oversee this plan, with Rotblat as its chairman and John as one of its members. the committee decided that liverpool should get a proton cyclotron with a beam energy of 400 MeV, which would be sufficient for the production of beams of π mesons (pions). The pion, which had recently been discovered, is the particle whose 'exchange' was at the time considered to be responsible for the propagation of the strong nuclear force. A frequency-modulated cyclotron, known as a synchro-cyclotron, was chosen with a magnet pole-tip diameter of 156 inches. the design of this machine began in 1947 under Rotblat, and John was asked by Chadwick to go to the USA for three months to learn about the cyclotrons that were operating or were under construction there.
Meanwhile the 37-inch cyclotron was brought back into operation in 1947, producing beams of protons with maximum energy of 4 MeV and of deuterons with 8 MeV. Rotblat set up an experimental programme using these beams. Photographic emulsions were used to detect the particles produced in the nuclear interactions. this technique, which had been developed before and during the war, produced good data but suffered from the intrinsic disadvantages of a relatively low rate of data collection and of a long analysis time, and it was only suitable for use with the nuclei available in gaseous-phase targets. At the same time John was developing, with research student C. t. young, a differential ionization chamber that could distinguish between deuterons and protons originating from nuclear interactions. this chamber was installed in the beamline in mid 1949, and a search for inelastically scattered deuterons from nuclei of aluminium and magnesium was begun. A. e. litherland (FRS 1974), a research student at the time, recalls John jumping up and down with delight in the counting room when inelastically scattered deuterons were first observed. the results showed a strong angular dependence of the production mechanism, and were interpreted theoretically in terms of excitation energies of new nuclear states. they were published in a letter to Nature at the end of 1949 (2). Further measurements were then made of the cross-sections for nuclear interactions that resulted in the emission of a proton (3) .
Groups in the USA and Rotblat's group at liverpool had previously performed deuteron scattering experiments showing that the neutron, which in the deuteron is only weakly bound to the proton, can be absorbed by the target nucleus. the proton is then the emerging particle, and the (d,p) process is known as 'deuteron stripping'. John, working with a new research student t. n. Marsham (FRS 1986), set out to make a systematic study of the deuteron stripping process in a wide range of target nuclei. An upgraded version of the differential ionization chamber was developed that was capable of handling the event rate produced by nuclei in solid-phase targets. it consisted of three proportional counters. Pulses from the first two counters were detected in coincidence to specify the presence of a proton, with signals from the third counter in anti-coincidence to define its range precisely. A photograph of the differential ionization chamber, together with a drawing taken from the publication describing the experimental apparatus (5), is shown in figure 1 . Results with good statistical accuracy were obtained in a relatively short period. examples are shown in figure 2, which also show that the scattering peaks strongly in the forward direction, a feature characteristic of the stripping reaction. the results obtained from a wide range of different nuclei were reported in a set of five papers published in 1953 (6) . these results were interpreted by theoretical groups at Birmingham and liverpool. their analyses of the results showed for the first time that stripping reactions could be interpreted in terms of independent-particle states of the target nucleus that are excited in the reaction, and thereby they gave strong support to the Shell Model of the atomic nucleus (Burcham 1989) .
it was during this period that John met his future wife, Joan thomas. they married in 1949 and set up home in Prenton, Birkenhead, in a house that was a wedding present from his father. their two sons, David and John eric, were born in 1950 and 1953. in 1955 the family moved to Rydalmere, a fine house situated in higher Bebington in Wirral that had a large garden and an orchard overlooking open country. it provided the ideal setting for entertaining his colleagues and friends, whose company Joan and he so much enjoyed. it was at one of these events that Joan made it clear that she did not approve of his being called 'George' and that henceforth his colleagues should use his proper first name.
there was a break in the experimental programme on deuteron stripping in 1953 because the 37-inch cyclotron was moved to the adjacent nuclear Physics Research laboratory, where the new synchro-cyclotron was being assembled. Figure 3 is a photograph, taken by John at the time, of the venerable 37-inch machine in a disassembled state. the work on deuteron stripping continued, using some new experimental techniques, as soon as the cyclotron was made operational again. these included studies of the inverse stripping process in which the proton is retained in the nucleus and an emerging neutron is detected. this required a fast neutron spectrometer, which John designed and built with litherland (7). Recoil protons generated when the neutrons interacted with a hydrogenous target were detected in an ionization chamber. the drift time of the ions produced was then used to determine the proton energy. in hindsight, this device was a precursor of the 'drift chamber', whose principle two decades later underpinned the predominant detector of charged particles in high-energy physics experiments. litherland has commented that it was generally assumed that John thought up this idea while he was on his honeymoon. John did not use this neutron spectrometer in his own experimental work because by that time the synchro-cyclotron was nearing completion and the desire to design experiments for this new machine became irresistible.
the SynChro-CyClotron era the first circulating proton beam was obtained in the synchro-cyclotron with an energy of 383 MeV in mid 1954, and an extracted beam followed at the end of the year. it had been decided that there would be four experimental teams using electronic particle detection techniques and one using visual techniques. John was appointed leader of one of the electronic detection groups and he decided that his initial interest was in making precise measurements of the scattering cross-section for elastic proton-proton interactions over a wide angular range and down to small angles. to this end he designed a dipole magnet to bend and focus the external proton beam, and later a similar magnet to focus secondary pion beams produced from an internal target. the results obtained in the proton scattering experiments confirmed with precision the expected rapid rise in the cross-section with decreasing scattering angle due to the Coulomb interaction. the group then embarked on a programme of pion-proton scattering using the positive and negative pion beams with a kinetic energy of 98 MeV. the primary aim was to obtain data to test the current theories of the pion-proton interaction. A study was also made of the charge exchange reaction in which a neutral pion and a neutron are produced. the precision of the data taken was the best at this time. Subsequently, the data were included in combination with data taken at other laboratories at higher energies to produce a full theoretical description of the pion-proton interaction in the form of a phase-shift analysis, by which means a substantial number of important 'baryon resonances' were first identified and their properties measured.
John was always very enthusiastic about experimental work, and he records that the most exciting time for him during this period was immediately after the discovery of parity nonconservation in the weak interaction. This was first observed in nuclear β-decay in early 1957 in the USA. there was then a great deal of discussion in the department about this important observation; it quickly became clear that such violation should also be observable in the decays of pions and of muons. the decay of the positively charged muon produces a positron, a neutrino and an anti-neutrino. if parity is not conserved, the positron is longitudinally spinpolarized; that is, it is emitted with one orientation of the direction of its spin with respect to its direction of motion preferred over the other.
John and his colleagues quickly set up an experiment to measure the polarization of the positrons from muon decay produced by the decay of pions stopped in a carbon target. these positrons were converted to Bremsstrahlung photons, whose polarization is known to depend on that of their positron parent, by means of their interaction in a secondary heavy target. the photon polarization was measured by observing the fraction transmitted through a magnetized iron block as a function of the direction of the magnetic field. the result, which clearly confirmed that the decay positrons were highly polarized with their spins aligned preferentially parallel to their direction of motion, was published in Nature (8) only 10 months after the initial announcement of the discovery of parity violation. At this time, the significance and importance of this particular result was demonstrated by its citation in reviews of the theory of the weak interaction by Salam (1958) and by lee (1958) . At a later stage the experiment was repeated for both positively and negatively charged muons (9) . the initial result was confirmed and it was also shown that the sign of the polarization of the decay electron is opposite to that of the decay positron, so demonstrating that charge conjugation is also violated in the weak interaction. the results of these experiments, together with many others, underpin the experimental basis of what has now become the Standard Model of particle physics.
DeSiGninG an eleCtron SynChrotron (nina) the important role of physics and physicists in World War ii led in the immediate postwar years to governments making available substantial funding for the construction of new, highenergy, and therefore large-scale, accelerators at national research laboratories. in the UK the national institute for Research in nuclear Science (niRnS) was formed to oversee the UK nuclear programme. in the late 1950s it was proposed that a 4 GeV AG (alternating gradient) electron synchrotron be built on a new site at Daresbury near Warrington in Cheshire. it was called ninA (national institute northern Accelerator) and was conceived as a high-intensity machine. the Physics Department at liverpool became closely involved in this project and as a result John, with harry newns, a theoretical physicist from liverpool, was asked to form a magnet design team. neither of them had any previous knowledge or experience of the physics of strong-focusing, electron synchrotrons and the requirements for magnet design. nevertheless, and with each abandoning his individual research programme at the time, within a few months they were able to design and analyse the characteristics of various configurations of magnets, with newns using the Mercury computers at the University of Manchester and at UKAeA harwell for beam-orbit calculations.
Synchrotrons use a ring of discrete bending magnets to maintain the accelerated particles in an orbit of constant radius, rather than as in the cyclotron where a single, large, fixed-field magnet is used for an orbit that increases in radius as the particle energy increases. the AG principle, which involves the magnets being designed to provide beam focusing as well as beam bending, was proposed for ninA because it provides the strong focusing required for the acceleration of high-intensity beams. external beams were essential for the physics programme, and beam extraction is not possible if the magnets are assembled in a simple periodic ring structure, of the type used in earlier machines, with short straight sections between each magnet. the process of beam extraction requires long straight sections to be included in the beam orbit. this problem was investigated theoretically by John with newns, and as a result they showed that it would be possible to include long straight sections in the beam orbit if the magnets were assembled in a so-called 'super period' structure as reported at an accelerator conference at the end of 1961 (10) . however, John eventually decided that for ninA, straight sections long enough to meet the beam extraction requirements could be included in a simple periodic magnet ring structure. this turned out to be a good decision, because not only did it minimize development effort but it was also amply justified by the good performance of ninA when first it became operational.
Government approval for the construction of ninA was given in mid 1962. Both John and newns were seconded to the Daresbury laboratory for a two-year period from May 1963, with John as head of the magnet design group. John organized the setting-up of magnet test facilities at liverpool and at Daresbury, while newns concentrated on designing the optimum pole face contour for the magnets. the first circulating beam was produced in ninA in late 1966, on schedule and within budget. exPerimentS at nina John had been thinking about new experiments while doing the magnet design work. the quark model of the nucleon had recently been proposed, and the photon energies available at ninA were ideal for investigating the excited states of the proton, the baryon resonances, and in particular in this context their electromagnetic couplings with a view to identifying and understanding their structure in terms of quarks. With four staff from liverpool he decided to set up a research group concerned with nucleon structure, and he designed a simple apparatus, which could be brought quickly into operation, for investigating neutral pion and η-meson photoproduction from protons. it consisted of a liquid hydrogen target, a quadrupole magnet system for focusing the scattered protons on to a detector, and an array of lead-glass Čerenkov counters to detect the γ-rays originating from the decay of the π 0 and η mesons. The energy of the protons was measured with a range telescope, which was later replaced by a magnetic spectrometer for better precision. Measurements of the Compton scattering cross-section for protons were also made with this spectrometer (12) .
the coupling of a baryon resonance to a photon and a proton depends on the spin-polarization of each. A complete understanding of the baryon structure in terms of the quark model therefore requires experimental data to be taken with a spin-polarized photon beam and a spin-polarized proton target. Another group at liverpool had been designing and building a polarized target suitable for use in the high-intensity photon beams from ninA. the group used the technique of dynamic nuclear polarization to polarize the free protons in a solid, hydrogenous material. the use of this target raised some new experimental challenges because of the high proportion of unpolarized nucleons that are always present in the target material. the polarized target was installed in John's experiment in 1971 and it was confirmed that the particle detection systems had sufficient resolution to separate polarized proton scattering from unpolarized background interactions. there followed a series of pioneering experiments using this target, the first publication of which was 'Polarized target asymmetry for pi-zero photoproduction at 4 GeV' (11) .
After it had become clear that reliable measurements could be made with a polarized target, the selection committee for ninA experiments suggested that an earlier proposal made by a Glasgow-Sheffield group for a polarized photon beam should be revived. As a result, groups from Glasgow and Sheffield universities combined with the two liverpool groups to form a collaboration, which became known as GlS. this collaboration set out to make a systematic set of asymmetry measurements of the spin-dependent cross-sections for meson photoproduction using both the polarized beam and the polarized target. Data were taken that could be analysed to get the dependences of cross-sections in terms of the three possible spin alignments of the proton relative to the production plane and to the beam axis. there were major experimental difficulties associated with these measurements. in some circumstances the superconducting coils, which provided the 2.5 t magnetic field necessary for the operation of the target, and their mounts severely limited the range of meson scattering angles that were accessible. John and his group therefore devised a complex series of detector positions and magnet orientations for use during the data-taking periods so as to maximize the range of scattering angles of the measurements. the results, which were obtained for the production of both neutral and positively charged pions in the final state, provided unique and essential input to phase-shift analyses of the photoproduction scattering amplitudes (Crawford & Morton 1983 ).
John's appointment to the Chair of experimental Physics in 1965, which nominally put him in charge of all of the liverpool high energy Physics groups, led later to some organizational issues. these arose because of the growing scale of experiments and the necessity for large numbers of physicists from different research centres to collaborate. these collaborations required leaders and spokespersons to be organizers and managers as well as researchers. John never had any interest in administration, coordination and management. he was at his best when working alone or in a small group. his whole approach was in the style of experimental physics in the Chadwick era at liverpool, where the modus operandi was to make measurements with apparatus designed and often constructed by oneself. As a consequence, in his later years John took little part in the management and direction of the experimental programme of the high energy Physics groups at liverpool.
the euroPean muon CollaBoration
When the high-energy physics programme at ninA came to an end in 1976, John and his three colleagues from the Polarised target Group were invited to join the european Muon Collaboration (eMC) at CeRn. this collaboration, which initially involved about 100 physicists, was set up to conduct a systematic investigation of the structure of the nucleon by using the 280 GeV muon beam at the Super Proton Synchrotron (SPS) at CeRn. three different targets were proposed: first, liquid hydrogen or liquid deuterium to enable precise measurements of both proton and neutron structure; second, heavy solid targets to provide the highest possible 'luminosity' for such measurements and also to investigate nucleon structure in a nuclear environment; and third, a spin-polarized target for measurements of spin structure of the proton, taking advantage of the intrinsic polarization of the muon beam produced by the SPS. the Polarised target group, in collaboration with CeRn, took on the challenge of developing and constructing the polarized target, which was required to be 20-fold larger in volume than any used in previous experiments.
John was not involved in this target development and construction work, but used his expertise and experience to make an important contribution to the design of the interface between the target and the detectors necessary to identify and reconstruct the tracks of the scattered muons. initially, he calculated the interaction rates of muons in the solid, hydrogenous material of the target so as to check that it was possible to obtain the necessary statistical precision in the experiment. he then proposed an innovative technique that involved mounting two separated sections of target in series in the beamline, with opposite directions of aligned proton spin. this enabled data to be taken simultaneously with both spin orientations, thereby minimizing systematic uncertainties in the spin-asymmetry measurement while maintaining statistical precision. this technique of a segmented target was developed further to enable another experiment, which required a heavy target for the investigation of nuclear effects, to be run in parallel with the polarized target experiment. retirement John reached retirement age in 1983, just before the experimental runs with the polarized target began. however, he continued to maintain an interest in the eMC experiment. the results from the polarized target measurements, which were finally published in 1989 (13), were unexpected and important. they contradicted the expectation of the quark model of the nucleon, in which the spin of the proton was expected to be attributable to the spins of the three constituent quarks. to this day a complete understanding remains a theoretical challenge.
John always had a strong interest in the history of physics at liverpool University, and during his retirement he wrote four articles that were related to his experiences during his early years in the department. these included two Royal Society biographical memoirs. the first was that of Gerald Pickavance (FRS 1976) , who was a contemporary of John's both as a student and during the war years in liverpool, and who later became director of the Rutherford laboratory (14). the second was that of James Cassels (FRS 1959) , who was the lyon Jones Professor and head of the Physics Department at liverpool from 1960 to 1974 (16). John also contributed an article for Notes and Records of the Royal Society entitled 'Reminiscences and discoveries: James Chadwick at liverpool' (15) , which records just how successful Chadwick had been in establishing an important centre of nuclear physics research at liverpool. throughout his retirement John kept up his interest in gardening, and he became something of an expert on exotic plants and shrubs. he also maintained his interest in photography, which included collecting cameras and cataloguing his large collection of photographs. he was a very practical man at carpentry and other jobs around the house, using skills he may well have learned from his father. he was also a lover of the countryside, particularly the lake District, and a long-time supporter of the Royal Society for the Protection of Birds and also the national trust. he took up painting during his retirement and demonstrated that he was an artist of some talent.
When Joan became unwell near the end of her life, he took care of her, taking charge of the kitchen and becoming an accomplished cook. Joan died in 2001; John continued with his hobbies at Rydalmere until his death in 2009.
aCknowleDGementS
We thank many of John's former research students and colleagues in the liverpool University Department of Physics, at the Daresbury laboratory and at CeRn for assistance and advice concerning many aspects of this biography. harry newns, erwin Gabathuler FRS, Mike Poole and neil Marks each provided unique insight concerning different periods of John holt's life. We are also very grateful to John's sons David and John eric for providing important material concerned with John's family. We would also like to thank Mike houlden and iain Main for reading and commenting on the manuscript, and Adrian Allan, until recently the Archivist at the University of liverpool, for his help with locating much essential material in the university records.
the frontispiece photograph was taken by Godfrey Argent and is reproduced with permission.
referenCeS to other authorS
